Abstract The figwort genus Scrophularia L. (Scrophulariaceae) comprises 200-300 species and is widespread throughout the temperate Northern Hemisphere. Due to reticulate evolution resulting from hybridization and polyploidization, the taxonomy and phylogeny of Scrophularia is notoriously challenging. Here we report the complete chloroplast (cp) genome sequences of S. henryi Hemsl. and S. dentata Royle ex Benth. and compare them with those of S. takesimensis Nakai and S. buergeriana Miq. The Scrophularia cp genomes ranged from 152 425 to 153 631 bp in length. Each cp genome contained 113 unigenes, consisting of 78 protein-coding genes, 31 transfer RNA genes, and 4 ribosomal RNA genes. Gene order, gene content, AT content and IR/SC boundary structure were nearly identical among them. Nine cpDNA markers (trnH-psbA, rps15, rps18-rpl20, rpl32-trnL, trnS-trnG, ycf15-trnL, rps4-trnT, ndhF-rpl32, and rps16-trnQ) with more than 2% variable sites were identified. Our phylogenetic analyses including 55 genera from Lamiales strongly supported a sister relationship between ((Bignoniaceae þ Verbenaceae) þ Pedaliaceae) and (Acanthaceae þ Lentibulariaceae). Within Scrophulariaceae, a topology of (S. dentata þ (S. takesimensis þ (S. buergeriana þ S. henryi))) was strongly supported. The crown age of Lamiales was estimated to be 85.1 Ma (95% highest posterior density, 70.6-99.8 Ma). The higher core Lamiales originated at 65.6 Ma (95% highest posterior density, 51.4-79.4 Ma), with a subsequent radiation that occurred in the Paleocene (between 55.4 and 62.3 Ma) and gave birth to the diversified families. Our study provides a robust phylogeny and a temporal framework for further investigation of the evolution of Lamiales.
Introduction
Scrophularia L. (Scrophulariaceae, Lamiales), commonly known as "figwort", comprises 200-300 species worldwide (Willis, 1973; Mabberley, 1997; Fischer, 2004) . The genus is widespread throughout the temperate Northern Hemisphere, with few species expanding into tropical area (Scheunert & Heubl, 2017) .
The phylogeny of Scrophularia has been explored extensively in the last decade (Attar et al., 2011; Scheunert & Heubl, 2011 , 2014 Navarro-P erez et al., 2013 Navarro-P erez et al., , 2015 Chen et al., 2017) , based on one nuclear (internal transcribed spacer) and one to several chloroplast regions (trnS-G, trnQ-rps16, psbAtrnH, ndhF, and trnL-F) of comprehensively sampled taxa (up to 147 species). All of these studies supported the monophyly of Scrophularia by including Oreosolen Hook. f. (see Chen et al., 2017; Scheunert & Heubl, 2017) . However, the phylogenetic relationships within the genus were poorly resolved, and topological incongruences were found between internal transcribed spacer and cp datasets. These difficulties in phylogenetic reconstruction of Scrophularia are likely due to reticulate evolution caused by hybridization and polyploidization (Scheunert & Heubl, 2011 , 2014 Navarro-P erez et al., 2013 Navarro-P erez et al., , 2015 , and thus call for more effective molecular markers to boost species identification and assist in phylogenetic studies of Scrophularia.
The phylogeny and circumscription of families in Lamiales remains one of the most problematic topics in angiosperm systematics (Judd & Olmstead, 2004) . Although recent efforts successfully identified many well-supported clades within Lamiales, the backbone relationships have been proven difficult to resolve (Wortley et al., 2005 ; Sch€ aferhoff et al., 2010), even with up to 17 genes (Soltis et al., 2011) . RefulioRodriguez & Olmstead (2014) included nine cp regions and one mitochondrial region of the best represented sampling to date, but this still left many relationships among core Lamiales poorly resolved.
Compared to only a few cpDNA fragments, whole cp genome analyses can provide much more detailed genetic information (Burke et al., 2012) . With the rapid development of next-generation sequencing, it is now convenient to obtain whole cp genomes, which have been increasingly used in resolving evolutionary relationships and genetic diversity (Cai et al., 2015; Ruhsam et al., 2015) . Furthermore, the hotspot regions of the cp genome can be identified as DNA barcodes, as well as being developed as molecular markers for future phylogenetic and population genetic analyses (Doorduin et al., 2011; Li et al., 2013 Li et al., , 2014 .
In the present study, we analyzed the complete cp genomes of four species of Scrophularia. We aimed to: (i) investigate global structural patterns of Scrophularia cp genomes; (ii) screen the rapidly evolving cpDNA regions for species identification and future phylogenetic and phylogeographic studies; and (iii) reveal the evolutionary history among the four species of Scrophularia and among the clades of Lamiales using cp genomic data.
Material and Methods

Plant samples, DNA extraction, and sequencing
Fresh leaves of Scrophularia dentata Royle ex Benth. from Tibet and S. henryi Hemsl. from Hubei, China were sampled and dried using silica gel. Voucher specimens (P. Li, LP150787; P. Li, LP150495) were deposited at the Herbarium of Zhejiang University (HZU) (Hangzhou, China). Total genomic DNA was extracted from the silica-dried leaf tissues using DNA PlantZol Reagent (Invitrogen, Carlsbad, CA, USA). Short-insert (500 bp) paired-end libraries were generated by using purified DNA according to the Illumina standard protocol (Illumina, San Diego, CA, USA). Genomic DNA of each individual was indexed by a barcode and then pooled together with other samples for sequencing in one lane of HiSeq 2500 (Illumina) at the Kunming Institute of Botany, Chinese Academy of Sciences (Kunming, China). Complete chloroplast DNA sequences of S. takesimensis Nakai (GenBank accession No. KP718628) and S. buergeriana Miq. (KP718626) were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/).
Genome assembly and annotation
We first used the CLC-quality trim tool (http://www.clcbio. com/products/clc-assembly-cell/) to clean the raw reads (125-bp read length) of each species by removing low-quality reads (Phred scores <20). The clean reads were then assembled into contigs using the CLC de novo assembler (http://www.clcbio. com/products/clc-assembly-cell/) with the following parameters: minimum contig length of 200 bp, mismatch cost of 2, deletion and insertion costs of 3, length fraction of 0.8, and similarity fraction of 0.8. Next, we used BLAST (http:// blast. ncbi.nlm.nih.gov/) to align all the contigs to the chloroplast genome of S. takesimensis (GenBank: KP718628). The aligned contigs with similarity and query coverage !90% were ordered according to the S. takesimensis genome. After that, the contigs of each species were aligned with the S. takesimensis genome in Geneious 10.0.5 (http://www. geneious.com). The clean reads were then remapped to the draft genome sequences to check the concatenation of contigs. Finally, the complete chloroplast genome sequences were constructed by connecting overlapping terminal sequences.
The chloroplast genomes of the two species were annotated using the DOGMA (Dual Organellar GenoMe Annotator) database (Wyman et al., 2004) . Start/stop codons and intron/exon boundaries were determined by comparison with homologous genes from S. takesimensis (GenBank: KP718628) and S. buergeriana (GenBank: KP718626) using MAFFT version 7 (Katoh & Standley, 2013) . We used tRNAscan-SE (Schattner et al., 2005) to verify the transfer RNA (tRNA) genes with default settings. Then we used OGDRAW (OrganellarGenomeDRAW) to draw the graphic maps of the chloroplast genomes of Scrophularia (Lohse et al., 2007) .
Genome comparative analysis and identification of hotspot regions
A comparative plot of full alignment with annotations of the four genomes of Scrophularia was produced by mVISTA (http://genome.lbl.gov/vista/mvista/submit.shtml), using the annotation of S. buergeriana as a reference. To analyze nucleotide diversity (P i ) and the total number of mutations (E ta ), we extracted all the regions (including coding regions, introns, and intergenic spacers) after alignment. The extraction followed two criteria: (i) an aligned length >200 bp; and (ii) mutation site !1. DnaSP 5.10 was used to calculate the nucleotide variability (Librado & Rozas, 2009 ).
Characterization of repeat sequences and simple sequence repeats
We used REPuter (Kurtz & Schleiermacher, 1999) to identify the position and size of repeat sequences, which included forward, palindromic, reverse, and complement repeats in the chloroplast genomes of Scrophularia. The sequence identity and minimum length of repeat size was set to >90% and 30 bp. MISA perl script (Thiel et al., 2003) was used to detect the simple sequence repeats (SSRs) in the four chloroplast genomes of Scrophularia. The thresholds for mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide SSRs were 10, 5, 4, 3, 3, and 3 repeat units, respectively.
Phylogenetic analyses
All phylogenetic analyses were undertaken on the CIPRES Science Gateway website (Miller et al., 2010) , based on the chloroplast genomes of 60 species (Table S1 ), including 55 genera from Lamiales, with Coffea arabica L. (GenBank: EF044213) and Coffea canephora Pierre ex A. Froehner (GenBank: KU500324) as outgroups based on a previous study by Yi & Kim (2016) . All the exons of the 80 proteincoding genes were aligned for the 60 selected taxa. A data matrix of 73 344 bp was generated after removing ambiguously aligned regions. For this dataset, the GTR þ I þ G base substitution model was determined by the Akaike information criterion in jModeltest2 on XSEDE version 2.1.10 (Posada, 2008) . Maximum likelihood (ML) analyses were carried out using RAxML-HPC2 on XSEDE version 8.2.10 (Stamatakis, 2014) with 1000 bootstrap (BS) replicates.
Bayesian inference (BI) analyses were run with MrBayes on XSEDE version 3.2.6. Models were selected among models analyzed by MrBayes using Bayesian model choice criteria (nst ¼ mixed, rates ¼ gamma). Two independent parallel runs of four Metropolis-coupled Monte Carlo Markov chains were run, sampling every 5000th generation for 10 million total generations. After discarding the first 25% of the sampled trees as burn-in, the remaining trees were used to generate a majority rule consensus tree and posterior probabilities (PP) of bipartitions, which were visualized in FigTree version 1.4.2.
Divergence time estimation
One secondary calibration point and three fossil records were used to constrain five nodes: (0) Call & Dilcher, 1992) , constraining the most recent common ancestor of Chionanthus D. Royen, Olea L., Hesperelaea A. Gray, and Jasminum L. (lognormal priors, Offset ¼ 37.2, M ¼ 1.5, S ¼ 0.5); (2) a polyporate pollen fossil described as Plantaginacearumpollis and resembling the pollen of the extant Plantago lanceolata L. (Plantaginaceae, middle Miocene; Nagy, 1963) , constraining the most recent common ancestor of Digitalis and Plantago (lognormal priors, Offset ¼ 11.6, M ¼ 1.5, S ¼ 0.5); and (3) a fruit fossil of Melissa parva (tribe Mentheae, Lamiaceae, early-middle Oligocene; Reid & Chandler, 1926) , constraining the crown age of Mentheae (lognormal priors, Offset ¼ 28.4, M ¼ 1.5, S ¼ 0.5). All these fossils have been considered reliable and proposed as calibration points for molecular dating in previous studies (Besnard et al., 2009; Mart ınez-Mill an, 2010; Thiv et al., 2010; Navarro-P erez et al., 2013; Vargas et al., 2014) .
Divergence time analyses were carried out using BEAST version 2.4.8 on the CIPRES Science Gateway website. The Yule model and the relaxed clock log normal model were selected, and the GTR þ I þ G substitution model was set as the nucleotide substitution model. Parameters were estimated using two independent runs of 200 million generations, with sampling every 5000 generations. We then initiated three more independent BEAST analyses to check for repeatability and consistency of results. In each run, all tree and coalescent model parameters converged. Tracer version 1.6.0 was used to examine the sampling adequacy and convergence of the chains to a stationary distribution. We combined the tree files of the four runs (burn-in 35% each) in LogCombiner version 2.4.4, and used TreeAnnotator version 2.4.4 to summarize the post burn-in trees and produce a maximum clade credibility chronogram showing mean divergence time estimates with 95% HPD intervals, which was visualized in FigTree version 1.4.2.
Results
Genomic features
The quadripartite structure of the four species of Scrophularia was typical of most land plant chloroplast genomes, consisting of a large single-copy region (LSC with 83 532-84 455 bp), a small single-copy region (SSC with 17 447-17 941 bp), and a pair of inverted repeat regions (IR with 25 454-25 624 bp). The full length of the four cp genomes ranged from 152 425 bp in S. dentata to 153 631 bp in S. buergeriana (Fig. S1 ). The chloroplast genome sequences were deposited in GenBank (accession numbers MF861202 for S. dentata and MF861203 for S. henryi).
The total GC content was 38.0% to 38.1%, whereas the GC contents in the LSC, SSC, and IR regions were 36.0-36.2%, 32.2%, and 43.1-43.2%, respectively (Table 1) . The four chloroplast genomes of Scrophularia consisted of 130 genes, of which 17 were duplicated in the IR regions and 113 were unique. The unique genes included 78 protein-coding genes, 31 distinct tRNA genes, and 4 ribosomal RNA (rRNA) genes ( Table 2 ). The remaining regions included introns, intergenic spacers, and pseudogenes. Altogether, the four cp genomes of Scrophularia were highly conserved in each aspect of genome features, such as gene order, gene content, and GC content.
Nine of the protein-coding genes and five of the tRNA genes contained one single intron, whereas three genes had two Comparative genomics of Scrophulariaintrons. The gene rps12 was trans-spliced; the 5 0 -end exon was located in the LSC region, whereas the 3 0 -intron and exon were duplicated and located in the inverted repeat regions. The partial duplicate of rps19 and ycf1 genes appeared as pseudogenes as they lost their protein-coding ability.
Boundaries between IR and SC regions
Comparison of the IR boundaries among four chloroplast genomes of Scrophularia (Fig. 1) revealed no obvious differences at the IR/SC boundary regions of the four species. All the IRb regions expanded by 40-41 bp towards gene rps19, creating a pseudogene fragment C rps19 at the border of IRa and LSC. Fragment C ycf1 with 877-910 bp was located at the IRb region because the SSC/IRa border extended into ycf1 genes.
3.3 Comparative genomic analysis and divergence hotspot regions mVISTA online software was used to analyze the comprehensive sequence divergence of the four chloroplast genomes of Scrophularia with the annotation of S. buergeriana as a reference. The aligned sequences showed high similarities with sequence identities of only a few regions falling below 90%, suggesting that the cp genomes of Scrophularia are conservative. In accord with recent studies (Nazareno et al., 2015; Yao et al., 2015; Zhang et al., 2016) , sequence variations were located in the SSC and LSC regions, whereas the IR regions showed a lower level of sequence divergence (Fig. S2) . The low sequence divergence observed in the IR regions in the species of Scrophularia and in other angiosperms might be due to copy correction between IR sequences by gene conversion (Khakhlova & Bock, 2006) . We identified 143 regions >200 bp in length, of which the nucleotide variability (P i ) ranged from 0.00034 (rrn16) to 0.06726 (trnH-psbA) among the four species of Scrophularia ( Fig. 2 ; Table S2 ). There were nine regions (trnH-psbA, rps15, rps18-rpl20, rpl32-trnL, trnS-trnG, ycf15-trnL, rps4-trnT, ndhFrpl32, and rps16-trnQ) with a nucleotide diversity >0.02 recognized as hotspot regions that could be useful in developing molecular markers for future phylogenetic analyses and identification of the species of Scrophularia.
Repeat analysis and SSR polymorphisms
Using REPuter software, a total of 173 repeats, including 85 forward, 83 palindromic, two reverse, and three complement repeats, were detected in the four chloroplast genomes of Scrophularia (Fig. S3A) . Scrophularia takesimensis exhibited the most repeats (48), including 21, 22, 2, and 3 forward, palindromic, reverse, and complement repeats, respectively. For all the species of Scrophularia, 80.9% of the repeats ranged from 30 to 39 bp in size ( Fig. S3B ; Table S3 ). There were 32 repeats shared by all four species, four repeats shared by S. dentata, S. takesimensis, and S. henryi, as well as one repeat shared by S. buergeriana, S. dentata, and S. takesimensis, under the criterion that identical lengths located in homologous regions were identified as shared repeats. Additionally, four, one, eight, and five repeats were unique in S. buergeriana, S. dentata, S. takesimensis, and S. henryi, respectively ( Fig. S3C ; Table S4 ).
MISA analysis showed that each cp genome of Scrophularia contained 44 (S. dentata, S. henryi, and S. buergeriana) or 45 (S. takesimensis) SSRs (Table S5 ). More than three-quarters (77.4%) of those SSRs were composed of A or T bases (Fig. S4A) . Among all the 179 SSRs, most loci were located in intergenic spacers (IGS, 61.45%), followed by coding DNA sequences (CDS, 22.91%), and introns (15.64%) (Fig. S4B) . Furthermore, we found 18 polymorphic SSRs between the four species of Scrophularia (except for mononucleotides) that could be used in future population genetic studies.
Phylogenetic analyses
We obtained 58 complete cpDNA sequences from the Lamiales clade and two outgroups from Rubiaceae for phylogenetic analysis. A total of 80 CDSs were aligned for the 60 taxa. The matrix of aligned sequences consisted of 73 344 bp. The phylogenetic tree received full support (BIPP/ MLBS ¼ 1/100) at almost all nodes (Fig. 3) . Oleaceae, Gesneriaceae, Plantaginaceae, and Scrophulariaceae were the first-branching families in the tree of Lamiales. Within higher core Lamiales, Acanthaceae and Lentibulariaceae formed a clade sister to a clade of (Bignoniaceae þ Verbenaceae) þ Pedaliaceae. The families Lamiaceae, Phrymaceae, and Paulowniaceae form grades to Orobanchaceae. Within Scrophularia, a topology of (S. dentata þ (S. takesimensis þ (S. buergeriana þ S. henryi))) was revealed.
Divergence time estimations
The BEAST chronogram is depicted in Fig. 4 , and the crown ages of the major lineages are listed in Table 3 . The crown age of Lamiales (node 0) was estimated at 85.1 million years ago (Ma) (95% HPD, 70.6-99.8 Ma). The higher core Lamiales diverged from Scrophulariaceae at 65.6 Ma (95% HPD, 51.4-79.4 Ma; node 15), and all the families (except Bignoniaceae and Verbenaceae) occurred in a short period between 55.4 Ma and 62.3 Ma (Fig. 4, gray shading) . The crown ages of the two best represented families, Orobanchaceae (node 11) and Lamiaceae (node 12), were estimated at 50.4 Ma (95% HPD, 37.6-63.5 Ma) and 50.3 Ma (95% HPD, 40.0-61.4 Ma), respectively. Within Scrophularia, S. dentata diverged from the other three species at 7.9 Ma (95% HPD, 2.7-14.8 Ma).
Discussion
Comparative genomics of Scrophularia
Comparative genomic analyses of Scrophularia showed that the four cp genomes are highly conserved in genomic structure. The size of the genomes of S. buergeriana, S. takesimensis, S. dentata, and S. henryi ranged from 152 425 to 153 631 bp. The overall gene content and arrangement of the four cp genomes of Scrophularia were nearly identical. The four species contained the same number of protein-coding, tRNA, and rRNA genes. Such conservatism is expected considering the low substitution rate in chloroplasts and the presumed recent age of divergence among them. Similar findings have also been detected in many other closely related taxa, such as genera or tribes (Choi et al., 2016; Huang et al., 2016; Kaila et al., 2016; Yang et al., 2016; Li et al., 2017; Zeng et al., 2017) . Some species of Scrophularia, such as S. nodosa L. (common figwort), S. ningpoensis Hemsl. (Chinese figwort), and S. dentata, have been commonly used in traditional herbal medicine (Park et al., 2003; Zhonghua Bencao Editorial Committee, 2002) . However, the absence of an efficient method to discriminate among plants of Scrophularia has caused confusion for traders and consumers (Lee et al., 2007) . Here we explored nine divergent hotspot regions (trnH-psbA, rps15, rps18-rpl20, rpl32-trnL, trnS-trnG, ycf15-trnL, rps4-trnT, ndhF-rpl32, and rps16-trnQ) in the four cp genome sequences of Scrophularia that could be used as potential DNA barcodes to distinguish the medicinal species from congeneric adulterants. Additionally, these regions may be useful in future phylogenetic and phylogeographic analyses of Scrophularia.
Phylogenomics and diversification history of Scrophularia and Lamiales
Phylogenetic analyses of the 80 common CDSs produced a well-resolved phylogenetic tree (Fig. 3) . The basal grades of Lamiales (Oleaceae, Gesneriaceae, Plantaginaceae, and Scrophulariaceae) were confirmed, and the families Lamiaceae, Phrymaceae, and Paulowniaceae formed grades to Orobanchaceae; both results are congruent with pioneering works (Wortley et al., 2005; Albach et al., 2009; Sch€ aferhoff et al., 2010; Refulio-Rodriguez & Olmstead, 2014) . The most problematic placements are those of Acanthaceae, Bignoniaceae, Lentibulariaceae, Martyniaceae, However, our phylogenetic trees based on 80 genes strongly supported a clade (BIPP/MLBS ¼ 1/97) of ((Bignoniaceae þ Verbenaceae) þ Pedaliaceae) þ (Acanthaceae þ Lentibulariaceae). This result agrees with Sch€ aferhoff et al. (2010) , and solved the polytomy of those aforementioned families. Additionally, the phylogenetic relationships within the genus Scrophularia are also better resolved than in previous studies (Scheunert & Heubl, 2017) . In conclusion, the chloroplast genome provided stronger support for the relationships within Scrophularia and among the clades of Lamiales, thereby proving the cp genome to be a powerful tool in dealing with phylogenetically difficult taxa. We should also keep in mind that plastid gene trees and species trees could actually differ, especially for taxa such as Scrophularia that involve extensive hybridization and polyploidization, because cp genome sequences of $150 kbp still essentially represent a single locus (linkage group; Ruhsam et al., 2015) .
The crown age of Lamiales was estimated to be 85.1 Ma (95% HPD, 70.6-99.8 Ma; Fig. 4) , which is consistent with the divergence time estimation in Barba-Montoya et al. (2018) (95% HPD, 67-101 Ma) . The higher core Lamiales diverged from Scrophulariaceae at 65.6 Ma (95% HPD, 51.4-79.4 Ma; Fig. 4, node 15) , which correlates closely with the Cretaceous-Paleogene boundary. Since then, the higher core Lamiales (which includes 16 of the total 24 families of Lamiales; Sch€ aferhoff et al., 2010) diversified very quickly, as we can see that seven of the nine families sampled in this study all originated in a 7-Ma period (between 55.4 Ma and 62.3 Ma; Fig. 4, gray shading) . The diversification of epiphytic ferns (Schuettpelz & Pryer, 2009 ) and Menispermaceae (Wang et al., 2012 ) also started around the same time near the Cretaceous-Paleogene boundary and are associated with the establishment of angiosperm-dominated tropical rain forests. Whether the ancient radiation of the higher core Lamiales is linked to the rise of these forests remains to be determined. Our study also contributes a temporal framework to the evolution of Lamiales. However, due to the limited amount of available genome data, the ages of most families (except Lamiaceae and Orobanchaceae) Fig. 4 . Phylogenetic chronogram of Lamiales as inferred from Beast analyses based on four calibration points (nodes 0-3). Our result indicates that an ancient radiation occurred in the Paleocene (gray shading) which gave birth to the diversified families of higher core Lamiales. The divergence times for selected nodes (nodes 4-15) are shown in Table 3 . estimated here might be younger than they really are. Further efforts should be put into an estimation based on a more comprehensive sampling. 
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